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Abstract

Background: Left ventricular ejection fraction (LVEF) is usually measured by cine-
cardiac magnetic resonance imaging (MRI), planar and single-photon emission-
computerized tomography (SPECT) equilibrium radionuclide angiocardiography
(ERNA), and echocardiography. It would be clinically useful to measure LVEF
from first-pass positron-emission tomography/computed tomography (PET/CT)
radionuclide angiography, but this approach has been limited by fast radiotracer
diffusion. Ultra-sensitive digital PET systems can produce high-quality images
within 3-s acquisition times. This study determined whether digital PET/CT
accurately measured LVEF in an anthropomorphic heart phantom under
conditions mimicking radiotracer first-pass into the cardiac cavities.

Methods: Heart phantoms in end-diastole and end-systole were 3D-printed from
a patient’s MRI dataset. Reference left ventricle end-diastole volume (EDV), end-
systole volume (ESV), and LVEF were determined by phantom weights before/
after water filling. PET/CT (3-s acquisitions), MRI, and planar and SPECT ERNA
were performed. EDV, ESV, and/or LVEF were measured by manual and
automated cardiac cavity delineation, using clinical segmentation softwares. LVEF
was also measured from PET images converted to 2D “pseudo-planar” images
along the short axis and horizontal long axis. LVEF was also calculated for planar
ERNA images. All LVEF, ESV and EDV values were compared to the reference
values assessed by weighing.

Results: Manually calculated 3D-PET-CT-based EDV, ESV, and LVEF were close to
MRI and reference values. Automated calculations on the 3D-PET-CT dataset
were unreliable, suggesting that the SPECT-based tool used for this calculation is
not well adapted for PET acquisitions. Manual and automated LVEF estimations
from “pseudo-planar” PET images were very close/identical to MRI and reference
values.

(Continued on next page)

© The Author(s). 2021 Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which
permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the
original author(s) and the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or
other third party material in this article are included in the article's Creative Commons licence, unless indicated otherwise in a credit
line to the material. If material is not included in the article's Creative Commons licence and your intended use is not permitted by
statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

EJNMMI PhysicsVerrecchia-Ramos et al. EJNMMI Physics            (2021) 8:42 
https://doi.org/10.1186/s40658-021-00387-2

http://crossmark.crossref.org/dialog/?doi=10.1186/s40658-021-00387-2&domain=pdf
http://orcid.org/0000-0003-4542-5021
mailto:e.verrecchiaramos@chr-metz-thionville.fr
mailto:e.verrecchiaramos@chr-metz-thionville.fr
mailto:e.verrecchiaramos@chr-metz-thionville.fr
http://creativecommons.org/licenses/by/4.0/
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Conclusions: First-pass “pseudo-planar” PET may be a promising method for
estimating LVEF, easy to use in clinical practice. Processing 3D PET images is also
a valid method but to date suffers from a lack of well-suited software for
automated LV segmentation.
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Background
An important measure of the efficiency of myocardial pumping is left ventricular ejection

fraction (LVEF), defined as the volumetric fraction of blood ejected from the left ventricle

with each heartbeat. To date, the most reliable methods for LVEF assessment are cardiac

cine magnetic resonance (MR) imaging [1] and ECG-gated planar or single-photon emis-

sion computed tomography (SPECT) equilibrium radionuclide angiocardiography (ERNA)

[2, 3]. Echocardiography and ECG-gated myocardial perfusion scintigraphy can also be

used to assess LVEF with less accuracy [4–7]. All of these methods have drawbacks [8].

MR imaging takes a long time, is more rarely available, and has many contraindications.

Planar or SPECT ERNA involves ionizing radiation and low spatial resolution. Echocardi-

ography accuracy is dependent on both patient and operator [9]. Finally, ECG-gated myo-

cardial perfusion scintigraphy visualizes the myocardial wall rather than the cardiac

cavities [10], involving systematic underestimation of LVEF.

An alternative to these LVEF-assessing methods is first-pass radionuclide angiog-

raphy [11] with positron-emission tomography (PET). Cardiac ECG-gated PET during

radiotracer injection could be used to measure LVEF for patients who undergo whole-

body oncological (in case of cardiotoxic chemotherapy) or myocardial PET/CT

examination.

LVEF can be assessed with cardiac-gated 15O-water PET/computed tomography (CT)

[12–14]: 15O-water labels the blood pool, allowing long-acquisition and high-signal-to-

noise ratio images at equilibrium, thus correlating well with the gold standard (MRI or

planar ERNA) results. However, 15O-water must be produced by an on-site cyclotron,

only available in research centers. Therefore, more recent studies showed that ECG-

gated first-pass 18F-FDG PET/CT of the cardiac cavities may be an alternative to pla-

nar/SPECT ERNA for measuring LVEF [15]. However, the limited sensitivity of con-

ventional analog PET/CT machines involves an acquisition time of several minutes,

and 18F-FDG myocardial uptake may degrade the cavity myocardium contrast, thereby

impacting the LVEF measurements. This problem may be avoided by using the most

recent ultra-sensitive digital PET technologies, which yield images with acceptable

signal-to-noise ratios with acquisition times of only a few seconds [16–19] and allow

high counting rates without detector saturation [19], essential in first-pass acquisitions.

This feasibility study aims to evaluate whether ultra-short first-pass acquisition 18F-

FDG digital PET/CT in the cardiac cavities accurately measures LVEF, using a 3D-

printed pair of anthropomorphic heart.
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Methods
Anthropomorphic heart phantom design

Two heart phantoms were printed from polylactic acid with the 3D printer Ultimaker

2+ (Ultimaker, Utrecht, the Netherlands) on the basis of artifact-free ECG-gated MR

images of a patient. The ventricular cavity and myocardium contours in the phantoms

corresponded to their shapes at end-diastole and end-systole. Thus, to obtain the phan-

tom pair, the volumes were manually delineated with the Eclipse segmentation software

(Varian Medical Systems, Palo Alto, USA), exported to the Slicer 3D software [20], con-

verted into stereolithography (.STL) format, and imported into the 3D printer software

(Ultimaker Cura). The phantoms were then 3D-printed. In this study, there is no add-

itional material to simulate soft tissue attenuation, since we assume attenuation will im-

pact all modalities in similar proportions.

Determination of the reference LVEF value

The reference LVEF of the phantom pair was measured by weighing the two phantoms

before and after filling their left ventricle with water (volumetric mass density 1 g/cm3).

LVEF was calculated by using the following formula (1):

LVEF %ð Þ ¼ EDV−ESV
EDV

� 100 ð1Þ

where EDV is the left ventricle end-diastole volume, and ESV is the left ventricle

end-systole volume.

Imaging of the phantoms and data processing

The LVEF of the phantom pair was measured with cardiac MR imaging, planar and

SPECT ERNA, and PET/CT. Table 1 summarizes the main acquisition conditions used

with each modality to obtain heart cine-equivalent images and to compute LVEF.

These conditions reproduce those of clinical acquisitions in terms of radiotracer con-

centration and acquisition duration so that the image quality closely resembles those of

clinical images. For each modality, LVEF was calculated by post-processing the images

with manual and automated segmentation methods. When possible, analyses were

Table 1 Acquisition conditions used with the four imaging modalities to measure LVEF in the
heart-phantom pair

Imaging
modality

Device Radionuclide Blood activity
concentration

Acquisition
time per
phase

Automated clinical
segmentation tool

MRI Philips Ingenia
1.5T

– – ≈ 10 min Circle cvi42

Planar
ERNA

Siemens Intevo
Bold + LEHR
collimator

99mTc 110 kBq/mL 38 s Siemens Gated Blood Pool tool

SPECT
ERNA

5 s/projection
30
projections
(every 3°
angle)

Cedars Sinai Quantitative Blood
Pool SPECT (QBS)

PET/CT Siemens
Biograph Vision
600

18F 210 kBq/mL 3 s Cedars Sinai Quantitative Blood
Pool (QBS) SPECT adapted to
PET images

ERNA equilibrium radionuclide angiocardiography, MRI magnetic resonance imaging, PET/CT positron emission
tomography/computed tomography, SPECT single-photon emission computed tomography

Verrecchia-Ramos et al. EJNMMI Physics            (2021) 8:42 Page 3 of 14



performed several times to check intra-observer variability (4 repetitions of analysis by

the same observer) and inter-observer variability (4 repetitions from 4 different ob-

servers). Figure 1 summarizes the methodological plan of these studies.

MR imaging

MR images of the phantom pair were acquired on a Philips Ingenia 1.5T system (Phi-

lips Healthcare, Best, the Netherlands). The acquisition was processed by using a seg-

mented K-space gradient-echo cardiac sequence [21, 22], with the left and right

ventricular cavities filled with water. The MR images obtained had a 256 × 256-pixel

matrix with 1.25 mm per pixel resolution and an 8-mm slice thickness. LVEF was

manually calculated by transferring the images to the contouring module of Eclipse, de-

lineating the left ventricle volumes, and then employing formula (1). LVEF was also

automatically computed by a senior radiologist, using the Circle cvi42 software (Circle

Cardiovascular Imaging Inc., Calgary, Canada).

Planar and SPECT isotopic ventriculography

Isotopic ventriculographic images of the phantom pair were acquired on a Siemens

Intevo Bold (Siemens Healthineers, Knoxville, USA) gamma-camera equipped with par-

allel holes low-energy high-resolution (LEHR) collimator. We determined how much

radionuclide activity to add to each phantom on the basis of the 99mTc blood

Fig. 1 Schematic depiction of the protocol used to determine the LVEF in the heart-phantom pair. CT,
computed tomography; LV, left ventricle; LVEF, left ventricular ejection fraction; MRI, magnetic resonance
imaging; QBS, quantitative blood pool SPECT; PET, positron emission tomography; pERNA, planar
equilibrium radionuclide angiocardiography; SPECT, single-photon emission computed tomography
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concentration present in the average patient during isotopic ventriculographic examina-

tions. Thus, the average 70-kg adult is injected with 740 MBq of 99mTc pertechnetate.

Of this, as little as 75% of the 99mTc pertechnetate is taken up by the erythrocytes: this

reflects the fact that although 95% of the 99mTc pertechnetate is generally taken up by

the erythrocytes [23], it remains possible that the erythrocyte surface uptake is reduced,

in which case the labeling drops by 20% [24]. Thus, the minimum effective activity in

the blood of the average patient during isotopic ventriculography would be 555 MBq.

At the moment of the acquisition (several minutes after injection), this activity would

be homogeneously diluted in the patient’s blood pool, which corresponds to approxi-

mately 5 L. Thus, the 99mTc concentration in the blood in the cardiac cavities would be

approximately 110 kBq/mL.

Planar images were acquired with oblique anterior incidence to separate the left and

right ventricles. In clinical conditions, planar images are acquired over 600 s (approxi-

mately 400,000 counts per image, recommended by the French Society of Nuclear

Medicine [25]), and a 16-gate cine image is produced by retrospective reconstruction

according to the ECG signal; thus, each gate is set at 37.5 s. Therefore, the planar

ERNA acquisition time for each phantom was set to 38 s. LVEF was calculated manu-

ally by processing the planar images with the ImageJ software [26] and then counting

the events in the left ventricle areas. LVEF was also calculated automatically from the

planar images on the basis of the event counts in the left ventricle areas by processing

the images with the Cardiac Planar Gated Blood Tool (Siemens Healthineers, Erlangen,

Germany).

Gated SPECT images were acquired with an acquisition time of 5 s/projection per

frame (for each phantom), which corresponds to 80 s/projection in clinical conditions.

We made 32 projections covering a 180° angle with detectors positioned in “L-mode”

(90°) and following a circular orbit centered on the phantom. All SPECT images had a

64 × 64-pixel matrix with 4.2 mm per pixel resolution (zoom 2) and a 4.2-mm slice

thickness. LVEF was calculated manually by processing the SPECT images with the

ImageJ software delineating the ventricle volumes and using formula (1). LVEF was also

calculated from the SPECT images by automatically segmenting the left ventricle in the

images with Quantitative Blood Pool SPECT (QBS), a validated clinical tool (Cedars-

Sinai Medical Center, Los Angeles, USA) [27].

PET/CT images

PET/CT images were acquired with a digital Siemens Biograph Vision 600 PET/CT sys-

tem (Siemens Healthineers, Knoxville, USA). We determined how much radionuclide

activity to add to each phantom on the basis of the average 18F-FDG concentration in

the blood a few seconds after the bolus injection: to image the first-pass of the tracer

into the heart cavities in clinical conditions, acquisitions are started as soon as the

bolus is injected. The average 18F-FDG concentration was calculated on the basis of

two assumptions. First, the average 70-kg adult is injected with 140 MBq of 18F-FDG

(although we have observed in our clinical practice that 2 MBq/kg of 18F-FDG is suffi-

cient to obtain good-quality images with this PET/CT system). Second, when the image

is acquired during the bolus injection (first-pass image), the injected activity is diluted

in a small blood volume: assuming an average cardiac flow of 5 L/min, this volume is
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approximately 670 mL. This is the blood volume ejected by the heart during the first

heartbeats (approximately 8 s), which is the time needed to acquire an image. Thus, the
18F-FDG activity in the cardiac cavities was estimated to be approximately 210 kBq/mL.

We assume an 8-phase segmentation of the clinical cine acquisition of the cardiac

cycle to ensure a good enough signal-to-noise ratio in this very short 8-s acquisition.

Consequently, each phase would correspond to an acquisition duration of 1 s. However,

the shortest reconstruction frame duration allowed by the Biograph Vision PET console

is 3 s. Therefore, we acquired the heart signals from phantoms over 3 s.

The 3D PET images were reconstructed with an ordered subset expectation

maximization (OSEM) 3D iterative algorithm (4 iterations, 5 subsets) with all corrections

(normalization, dead time, attenuation, decay, scattering, and random events, estimated

by delayed window technique), time-of-flight and point spread function. As with clinical

reconstructions, 2.2-mm FWHM Gaussian post-filtering was applied to optimize the

contrast-to-noise ratio in the reconstructed images which had a 220 × 220-pixel matrix

with 1.65 mm per pixel resolution in the axial plane and a 1.65-mm slice thickness. For

automatic QBS post-processing, the end-systole and end-diastole images of the phantom

were co-registered in the X, Y, and Z directions, gathered, converted into Nuclear

Medicine-type images with a homemade Python tool, and saved in the DICOM (“NM”

modality) format. The 3D images were reoriented according to the cardiac small axis and

cropped from 220 × 220 × 220 to 128 × 128 × 128 while maintaining voxel size. Each

reoriented volume was reproduced another three times, and then all four reproductions

were included into a wide final volume, thus producing 4 end-diastole volumes and 4

end-systole volumes (8 phases). The DICOM header was built on the model of an 8-

phase gated-SPECT (“NM” modality format). LVEF was calculated by employing the 8-

phase gated nuclear medicine images as input files in QBS and delineating the left ven-

tricle in an automated fashion, using surface-, count-, and volume-based methods. The

native PET images were also exported to the contouring module of Eclipse to delineate

manually left ventricle and calculate LVEF using formula (1).

In addition, the native 3D images were summed along the cardiac short axis and hori-

zontal long axis to produce 2D “pseudo-planar” images that were equivalent to those ob-

tained with planar ERNA. This summation was conducted manually with ImageJ (Z-

project) or in an automated fashion with our homemade Python tool. The latter is illus-

trated in Fig. 2, which shows the 3D array of one cardiac phase oriented along the cardiac

small axis: the pixels in all 127 slices at the same coordinates (x,y) are summed, generating

a unique value for each coordinate (x,y). This summation operation is performed for the

short-axis and horizontal long-axis directions. Thus, this process led to eight 2D acquisi-

tions (one for each phase) to mimic a clinical 8-phase planar ERNA image, with a DICOM

header built on the model of an 8-phase gated planar acquisition. The short-axis and hori-

zontal long-axis 2D “pseudo-planar” images were used to calculate LVEF by counting all

events in the left-ventricle region of interest (as with planar ERNA). Both manual (ImageJ)

and automated (QBS) segmentations were used.

Results
Anthropomorphic heart phantom

The 3D-printed phantom pair is shown in Fig. 3.
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Reference LVEF value

The left ventricular end-diastole volume (EDV) and end-systole volume (ESV) reference

values were 110 and 62 cm3, respectively. They were used with formula (1) to calculate

the reference LVEF, which was 43.6% (Table 2).

LVEF measurements using the heart-phantom pair with gold standard imaging modalities

The heart phantom images obtained with MR imaging and planar and SPECT ERNA

are presented in Fig. 4. The EDV, ESV, and LVEF, calculated by manual and automated

Fig. 2 Schematic depiction of the automated Python method for producing “pseudo-planar” PET images. The
“pseudo-planar” image was obtained by summing the signals in all 127 PET slices along the z-axis.
Preorientation allowed the z-axis to be aligned with the cardiac small axis. LV, left ventricle; RV, right ventricle

Fig. 3 The 3D-printed heart-phantom pair showing the heart at end-diastole and end-systole. The pipes on
the top of the phantoms were used to fill the left and right cavities and the myocardium compartment
with water or radionuclide solutions
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methods, are summarized in Table 2 and Fig. 5. All EDVs, ESVs, and LVEFs measured

with manual and automated methods are close to the reference values, except for man-

ual delineation of SPECT images that over-estimates the left ventricle volumes and pre-

sents an important inter-observer variability. SPECT-automated delineation with QBS

also gives more accurate and reproducible results when used in full automated fashion

without any human intervention to place anatomical landmarks.

LVEF measurement using the heart-phantom pair with PET/CT

The heart phantom images that were obtained with native 3D PET/CT and “pseudo-

planar” PET/CT are presented in Fig. 4.

Regarding native PET/CT, average manual (Eclipse) calculations yielded slightly

underestimated EDV and ESV compared to the reference values. However, this method

provided an average LVEF close to the reference value, with good intra- and inter-

observer reproducibility over the left ventricle volumes and LVEF.

By contrast, automated (QBS) calculations that were based on surface, volume, and

counts had heterogeneous results: the respective EDVs were 89.5, 100, and 100 cm3;

the respective ESVs were 48, 53, and 32 cm3; and the respective LVEFs were 46.4%,

47.0%, and 68.0%. Note that in Table 2 and Fig. 5, we only showed the surface-based

calculations of EDV, ESV, and LVEF. From “pseudo-planar” PET images summed along

the short axis, the LVEF values, calculated directly from the left ventricle event counts

Table 2 Left ventricle end-diastole and end-systole volumes and ejection fraction of the heart-
phantom pair. These values were measured with four imaging modalities and calculated with
manual and automated methods

Modality Manual
EDV, cm3

(m±SD)

Automated
EDV, cm3

(m±SD)

Manual
ESV, cm3

(m±SD)

Automated
ESV, cm3

(m±SD)

Manual
LVEF, %
(m±SD)

Automated
LVEF, % (m±
SD)

Reference value 110 – 62 – 43.6 –

MRI 107.0 ± 6.4
108.8 ± 3.2

120 59.7 ± 4.8
59.5 ± 2.4

67 44.3 ± 1.7
45.3 ± 1.0

44.7

SPECT ERNA 145.7 ± 50.2
111.8 ± 8.8

1131

120.8 ± 3.42
89.1 ± 41.2
75.3 ± 13.5

A.1.1.1.1.1.1.
601

51.8 ± 12.42

40.3 ± 12.2
32.8 ± 10.0

A.1.1.1.1.1.2.
46.91

57.1 ± 10.32

Planar ERNA – – – – 46.0 ± 2.8
45.1 ± 6.7

46.4

Native 3D PET/CT 103.9 ± 4.9
108.5 ± 4.9

89.5 ± 0.63 54.6 ± 2.6
58.4 ± 2.5

48.0 ± 03 47.5 ± 1.9
46.2 ± 1.6

46.4 ± 0.33

“Pseudo-planar”
short-axis PET

– – – – 43.6 ± 0.7
44.2 ± 0.1

43.6

“Pseudo-planar”
horizontal long-
axis PET

– – – – 45.5 ± 0.7
44.6 ± 0.5

–

For manual and semi-automated processes, the value corresponds to the average of 4 repetitions of the image treatment
± the standard deviation. Roman characters indicate results over 4 repetitions with 4 different observers (inter-observer
variability) whereas italic characters indicate results over 4 repetitions with the same observer (intra-observer variability)
CT computed tomography, EDV left ventricle end-diastole volume, ERNA equilibrium radionuclide angiocardiography, ESV
left ventricle end-systole volume, LVEF left ventricular ejection fraction, MRI magnetic resonance imaging, PET positron
emission tomography, SPECT single-photon emission tomography
1These SPECT values were calculated in a full automated fashion by using the QBS surface-based method
2These SPECT values were calculated in a semi-automated fashion by using the QBS surface-based method after
manually placement of the anatomical landmarks—valves and septum—to help segmentation
3These PET/CT-derived values were calculated in a semi-automated fashion by using the QBS surface-based method after
manually defining the anatomical landmarks—valves and septum—to help segmentation. Full automated QBS
computation of PET images failed to identify the left ventricle volumes
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with manual (ImageJ) and automated (Cardiac Planar Gated Blood Tool) methods,

were close/identical to the reference LVEF. “Pseudo-planar” PET images summed along

the horizontal long axis provided similar results on manual (ImageJ) analysis: the LVEF

was also close to the reference LVEF. An automated tool for calculating LVEF from

these images does not exist.

Discussion
3D image analyses

The reference EDV, ESV, and LVEF were 110 cm3, 62 cm3, and 43.6%, respectively.

Manual data processing of the MR and 3D PET/CT images yielded similar EDVs

(103.9–107 cm3), ESVs (54.6–59.7 cm3), and LVEFs (44.3–47.5%). Manual data pro-

cessing of the SPECT images yielded less accurate and less reproducible EDVs (89.1 ±

41.2 cm3), ESVs (145.7 ± 50.2 cm3), and LVEF (40.3 ± 12.2), due to the poor sampling

matrix of SPECT images (pixel size = 6.6 mm) and the difficulty of producing precise

delineations on 3D images with non-dedicated software ImageJ. Processing the MR and

SPECT images with full automated clinical tools also yielded good estimations of EDV

and ESV (113–120 and 60–67 cm3, respectively) and LVEF (44.2% and 46.9%, respect-

ively). By contrast, full automated processing of the 3D PET images with the QBS tool

did not converge to any left ventricle delineation. When helped by manual placement

of the valves and septum, it markedly underestimated the ventricular volumes: use of

Fig. 4 Images of the end-diastole/end-systole heart-phantom pair. For the 3D modalities, namely, magnetic
resonance imaging (MRI), single-photon emission computed tomography (SPECT), and native positron
emission tomography (PET), only the central slice in the cardiac short axis is shown. The SPECT, planar
scintigraphy, and “pseudo-planar” PET images show representative examples of manual segmentation. The
“pseudo-planar” PET images along the cardiac small axis had better image quality (especially in terms of
spatial resolution) than the equivalent planar scintigraphy images. LV, left ventricle; RV, right ventricle
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the surface-, volume-, and count-based methods in QBS respectively led to EDV values

of 89.5, 100, and 100 cm3 (versus the 110 cm3 reference value) and ESV values of 48,

53, and 32 cm3 (versus the 62 cm3 reference value). As a result, the LVEF after auto-

mated 3D PET image processing ranged widely from 46.4 to 68.0%. Although the

surface-based QBS method yielded an LVEF that was quite close to the reference LVEF

(46.7% versus 43.6%), the inconsistent ventricular volume values produced by this auto-

mated method cast doubt on the accuracy with which it generates LVEF values. These

observations suggest that QBS, originally developed for SPECT images, is not suitable

for 3D PET images. This may reflect the excellent spatial resolution of the PET images:

by contrast, SPECT images have a much lower spatial resolution (around 1 cm in SPEC

T versus <4 mm with our PET system). It is accommodated in the QBS segmentation

algorithm, which acts by generating ellipsoids [27, 28]. Consequently, QBS may not be

able to manage the PET spatial resolution, causing small structures such as the apex to

be excluded during segmentation. Indeed, this phenomenon is visible in Fig. 6. Another

possible source of QBS error may have been the simplistic structure of our phantom

that lacked key anatomical structures such as the heart atria or the valvular planes,

Fig. 5 Left ventricle A volumes and B ejection fractions of the heart-phantom pair. These values were
measured by MRI, SPECT, planar scintigraphy, native 3D PET/CT, and “pseudo-planar” PET/CT projections on
the cardiac small axis and horizontal long axis. LVEF, left ventricular ejection fraction. The prefixes “a” and
“m” signify automated and manual calculations, respectively. Left ventricle end-diastole and end-systole
volumes are not shown in A for planar scintigraphy or the “pseudo-planar” PET/CT projections because
these modalities do not provide information about left ventricle volumes. The automated left ventricle
volumes and LVEF values shown for SPECT and native PET were calculated by using the surface-based QBS
method. 1“Full automated” computations represent analysis with no human intervention, so no variability
expected nor observed. 2“Semi-automated” processes stand for automated computation of LVEF after a
manual placement of anatomical landmarks (valves and septum). For semi-automated and manual
processes, the value corresponds to the average of 4 repetitions of the image treatment with 4 different
operators, and the error bar represents the standard deviation (inter-operator variability)
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making it difficult for the algorithm to place anatomical landmarks during

segmentation.

Thus, at present, native 3D PET images can only be used to calculate LVEF with a

slice-by-slice manual segmentation method.

“Pseudo-planar” PET images

While manual segmentation of the left ventricle in each slice of the 3D PET-CT images

produced accurate results, it was a very time-consuming process. Therefore, we also

sought to produce “pseudo-planar” PET images similar to those acquired by planar

ERNA. These images were easy to process manually since only single regions of interest

had to be drawn around the end-diastole and end-systole left ventricles; the event counts

in these regions were then used to calculate the LVEF. This process is shown in Fig. 4.

We found that when the “pseudo-planar” PET images were processed manually (Ima-

geJ) or in an automated fashion with the clinical Cardiac Planar Gated Blood Tool, the

LVEF was very close to the reference LVEF (43.6–45.5% versus 43.6%). In fact, auto-

mated segmentation on the short-axis projections yielded exactly the same LVEF as the

reference value (Fig. 7). Thus, automated segmentation of “pseudo-planar” short-axis

projections with the Cardiac Planar Gated Blood Tool seems to be the most promising

PET/CT approach because it assures accurate, fast, and reproducible LVEF estimations.

Study limitations

The main study limitation is that the phantom pair is motionless and thus cannot be

used to determine the effect of temporal sampling on LVEF and ventricular volume

measurements. In our institution, the cardiac cycle is divided into 30 frames in MR

Fig. 6 Automated segmentation with quantitative blood pool SPECT (QBS) of native 3D PET/CT images at
end-diastole. The lines indicate the imprecise ventricle edges that were determined by this automated
segmentation algorithm
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imaging, 16 frames in radionuclide angiography, and 8 frames in the present PET/CT

study. Whether temporal sampling can impact these measurements remains to be

determined.

All imaging modalities yielded strongly contrasted images of the phantom; such con-

trast is generally not observed for real anatomical structures. However, the lack of myo-

cardium signals on the PET imaging analyses may be representative of the clinical

situation a few seconds after radiotracer injection because, at this point, the 18F-FDG

bolus will not have been taken up by the myocardial wall. Indeed, because of this, we

deliberately filled the myocardial compartment with non-radioactive water for PET/CT

imaging.

Another drawback of our study may be that our phantom pair was missing anatom-

ical structures (atria and valves). It is possible that the absence of these structures ham-

pered the automated segmentation of the 3D PET images of the left ventricle by the

QBS clinical software. A more elaborate beating heart phantom may allow QBS to

measure LVEF more accurately from 3D PET images. Additional studies with such

phantoms are warranted.

Conclusions
To our knowledge, this is the first study to evaluate whether LVEF can be accurately

measured by first-pass PET images acquired by ultra-sensitive digital PET systems. Our

study with an anthropomorphic heart-phantom pair showed that such a PET system

generated high-quality images over a very fast acquisition duration of only 3 s. We also

showed that manual processing of the 3D PET images yielded a good LVEF value

whereas automated processing yielded less trustworthy LVEF values. By contrast, when

summed 2D “pseudo-planar” PET images on the cardiac short axis were generated, au-

tomated processing yielded even better LVEF estimates than manual processing. Thus,

converting 3D PET/CT images to “pseudo-planar” PET images on the cardiac short

axis and then segmenting the images with an automated approach using Cardiac Planar

Gated Blood Tool may be the easiest and most efficient method for determining LVEF

with PET/CT in clinical practice. This approach may be useful for concomitantly meas-

uring LVEF in patients undergoing PET/CT, thus side-stepping the limitations of the

gold standard methods that are currently used to measure LVEF. These encouraging

results will be confirmed in patients.

Fig. 7 Automated segmentation of “pseudo-planar” PET/CT images summed along the cardiac short axis
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